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SURFACE VIBRATIONS AND (2x1) SUPERSTRUCTURES

ON FCC(110) METAL SURFACES
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Laboratory of Atomic and Solid State Physics
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Ithaca, New York 14853

Abstract:

Electron energy loss spectra are presented for a number of adsorbate
overlayers which form (2x1) superstructures on the fcc(110) surfaces of Ni
and Cu. These include (2x1) structures of H, N,, CO, and 0. Lattice
dynamical slab calculations are used to analyze the vibrational properties
observed in the loss spectra which result from symmetry selection rules for
dipole activity of the surface phonons. The calculated spectral densities,
together with the symmetry selection rules, are used to analyze proposed

models for the adsorbate overlayer structures.
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1. Introduction

The study of the vibrational properties of clean and adsorbate covered
surfaces is an area of fundamental interest in surface physics. In these
studies, the application of electron energy loss spectroscopy (EELS) has

! Information regarding the surface

been shown to be a powerful technique.
structure and interatomic forces may be obtained from an analysis of the
vibrational spectra of the clean surface, while the adsorption site
symmetry and bond distances may be extracted from the vibrational modes of
adsorbate covered surfaces. Previous EELS studies of surface phonon vibra-
tions on clean and adsorbate covered surfaces have focused mainly on the
Tow index fcc(100) and fcc(l1l) surfaces, such as the Ni(100),%-® Ni(111),
and Cu{100) surfaces.3,>,®

A complete description of the inelastic electron scattering from these
surfaces requires an understanding of both the scattering process and the

dynamics of the surface. Lattice dynamical calculations for these systems

have used a number of calculational schemes such as the Green function

10 1214

techniques,?>!% continued fraction method,!! and finite slabs. In

the case of ordered absorbate overlayers, direct information concerning the
adsorption site configuration may be ootained in some cases, from a simple
symmetry analysis based on selection rules for dipole scattering.>,!>

In this paper we discuss the analysis of the vibrational spectra of

ordered overlayers on the fcc{110) surfaces of Ni and Cu, which were

observed by inelastic dipole scattering. The fcc(110) surface vibrations Ej
have been less studied in comparison to the other two low index surfaces.
However, recent lattice dynamical calculations'® and experimental measure-

ments'’ show a rich surface phonon spectrum for this surface. In this

paper we first present for completeness the relevant spectral function in g

Lﬁi/.!_‘ I




the EELS cross section and its relatirn to the dipole active displacements
of the surface layers. The lattice dynamical calculations employed here
use the finite slab method. This method was chosen for its simplicity and
the ease in which changes in the surface structure may be accommodated.
The particular systems analyzed are ordered adsorbate overlayers of H, N,,
€0, and 0 which exhibit (2x1) superstructures on the Ni and Cu (110)
surfaces. The tendency for adsorbates to form (2x1) structures on the
fcc(110) surface results from the unique anisotropy of this surface. As
shown in Fig. 1{a) this surface consists of closed packed rows separated by
troughs along the [110] direction. In the case of oxygen adsorption on
these surfaces, a reconstruction of the surface takes place.

Results for the (2x1)H structure are found to be consistent with the
buckied bridge geometry deduced from previous He diffraction and LEED
results. For the (2x1)N, and CO structures on the Ni and Cu surfaces
respectively, the spectral density calculations are in agreement with a
terminally bonded configuration. The spectra observed for the (2x1)CO
structure is found to be consistent with a previously proposed tilting
geometry of the CO molecule. For the (2x1)0 structure the density of
states are presented for two different models of the surface reconstruction
and are compared to the measured loss spectra from the Ni and Cu (110)
surfaces.

2. Experimental Details

The experiments were performed in a multitechnique two level ultrahigh

3 Briefly, the upper

vacuum system which is described in detail elsewhere. !
level contains facilities for sample cleaning, gas dosing, low enerqy elec-
tron diffraction (LEED) or Auger electron spectroscopy (AES) and thermal

desorption spectroscopy (TDS). The lower level houses the electron energy
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1oss spectrometer, which consists of a double-pass 127° electrostatic

!9 The scattering geometry is

deflector for the monochromator and analyzer.
fixed with a total scattering angle of 120°. The scattering plane
containing the incident and scattered electrons is defined by the surface
normal and the [1I0] crystal direction. A}) spectra were recorded in the
specular direction with an overall resolution of 5 mev (40 cm-!)
full-width-half-maximum (FWHM). The electron impact energy, referenced to
the clean surfaces, were 3.2 and 4.3 eV for Cu and Ni respectively.

The samples consisted of circular disks of 1 cm diameter and 2mm
thick. They were spotwelded between two 0.5 mm diameter wires to a low

20

temperature mainipulator. Ta wire was used for the Ni sample while Pt
wire gave a secure spotweld for the Cu sample. Sample cleaning consisted
of Neon ion bombardment (500 eV) and annealing to 750 and 1050 K for Cu and
Ni respectively. The sample was heated resistively and its temperature was
monitored by a Chromel-Alumel thermocouple which was spotwelded to the back
of the Ni sample and placed in physical contact with the edge of the Cu
crystal.

Research grade H,, N,, CO, and 0, (Matheson) were used for gas
dosing. Ordered (2x1) overlayers were produced by monitoring the low
enerqgy electron diffraction pattern during exposure until a sharp well
ordered (2x1) pattern was observed. The LEED apparatus employed here is a
custom made unit consisting of a set of four-grid LEED optics incorporating
two microchannel plates for image intensification. Due to the high gain of
the microchannel plates, adverse electron beam effects are virtually
eliminated by using very low beam current densities {-10-*% A cm=<).

3. Inelastic Dipole Scattering from Surface Vibrations

The inelastic scattering of low energy electrons from surfaces can be
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- described by two scattering mechanisms which can be conveniently discerned

! These are, dipole scattering

= by the appropriate scattering geometry.?
]Il from the long range Coulomb interactions between the incident electron and
the electric field fluctuations associated with the surface modes, and
impact scattering from short range interactions with the atomic potentials
of the surface atoms. Dipole scattering is associated with an intensity

distribution which peaks sharply in the specular direction, corresponding

Falnll .I');,Y'v LA

to very small wavevector transfer parallel to the surface, 6u = 0.! 1In

‘5:. contrast, impact scattering is typically associated with a broad angular
VR
@;T distribution and gives a small contribution in the specular direction in
L comparison to dipole excited modes.?*

pe

~

The theory of dipole scattering from surfaces is well

established. }»2%2,23 The inelastic cross section obtained in the Born

approximation is given by a product of two factors. The first is a
kinematic factor which depends on the scattering geometry and is
independent of the properties of the substrate. The second factor is

o related to the correlation function of the charge density fluctuations in
ﬁlil

23

the surface region. In the application to vibrational motion, this

factor is the spectral function, S(w), for the dipole-dipole correlation

function which is defined as

‘,‘. [N I

Yy v E VA
LAt .
1

S(w) = Lr9% et (t)u,0000, (1)

L N 2n

o

t;: where uz is the normal component of the total dynamic dipole moment, N is
o

"" the number of surface primitive cells and the bracket denotes a statistical

average.

The semi-infinite crystal may be regarded as a system of planes of

nuclei, with each plane parallel to the surface. Let the position of each
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Fit: atom be denoted by R(U,k), where = (fu,Lz), {. is a vector parallel
to the surface directed to a particular unit cell, L, denotes a
particular atomic layer and the index k specifies the different atoms
within the unit cell. The relation between the normal component of the
PZ; total dipole moment and the displacement u(C,k) of an atom away from
equilibrium is given by the effective charge field éx({,k) defined by,

wo=J ex(L,k) - u(l,k). (2)
z L,k :

Due to the translational symmetry of the lattice we have
ex([ k) = 5*(Lz,k). Thus only displacement fields at the T-point, Gu= 0,
can give rise to a non-zero dipole moment u,.

The evaluation of the spectral function S(w) thus involves determining
a displacement-displacement correlation function. In the harmonic

approximation the function S{(w) may be evaluated by expanding the

displacement field U in terms of the eigenstates of the dynamical matrix D

> E (énzo;L k) 1'4» t —iw t
S =0, Lk t) = (N g AT 2 et e M)

z 2M(L k) X JA1/2 A A

t . S . .
where a, and a, are the phonon creation and annihilation operators which

obey the com.utation relations [ax,aI.] = 3 and M(Lz,k) is the mass of

Ax'?

the kth atom in the Ljth layer. The eigenvectors Ex are

determined by the eigenvalue equation given by

2254, 0 k) = 7, Bd, 5L kLt ke (d, sk, (4)
AA b4 L,k 2z 2z A z

~where eigenvectors EA obey the usual orthoncrmality and closure relations.
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The matrix D is the Fourier transformed dynamical matrix given by

. . < Kk » > -
0(3 L ,k;L',k') = 7 ' exp(-id < (R(C,)-R(C k' N ],
Qn Z Z t“ [M(L ,k)M(LI,k‘)]l/Z p_ 6|| ‘
z z (5)
where 3 is the force constant matrix.2>
With the use of egs. (2) and (3) the-spectral function S{w) can be
directly related to a phonon density of states, g(u,{V*(LZ,k)}),
projected onto a normalized effective charge field ?*(Lz,k) as,
ﬁe{zt
0 >
S(4) = 081+ nlw)) gls, H*(L,K0 D), (6)
where
. 1/2 -
DRI B L 2.1 (7)
tot [M(Lz,k)]*/2
x = : ex (L ’k)2;1/2, (8)
tot Lz ,k z
_'*2
oo tot , (9)
Coex(L LK)A/MIL LK)
Lz .k z
and
RPTRE'A SR S R R AN (R S A NN SR L [ (10)
Z A Lz,k A z z A

Here n(ws) is the Bose-finstein distribution factor, e*totis the
magnitude of the effective charge field, and M* is the effective mass of
the dipole active field.

The evaluation of the spectral function is facilitated by considering

the symmetry of the system. Due to symmetry, the dynamical matrix factors
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so that displacement fields belonging to different symmetry classes are
decoupled. Furthermore, the dipole selection rule states that only the
totally symmetric displacement fields at the T point of the SBZ are dipole
active. This selection rule follows simply from the invariance of the

L total dynamic dipole moment for all operations belonging to the symmetry

0

group for the system.l Thus for the evaluation of the spectral function

it is necessary only to consider those displacement fields which are

L
.
»
i‘.
'<

totally symmetric at the T point of the SBZ. The H and CO adsorbate
structures discussed in section 5 have a glide line symmetry and the more
general formulation of the dipole selection rule is needed: Only totally
symmetric displacement fields with respect to the full symmetry group are
dipole active.

In the modeling of the effective charge field we make the assumption
that the effective charges E*(Lz,k) are non-zero only for the adsorbate
layer and the outermost substrate layer. This assumption is based on the
fact that the efficient screening by the conduction electrons will limit
the dipole activity to the outermost surface layers. Additionally, it has
been shown that the dipole activity should be modeled by the bond stretch
displacements between the adsorbate and the substrate atoms when a detailed

comparison of intensities between theory and experiment is required.?®

To calculate the vibrational projected density of states given by eq.

(10) we use the finite siab method for the phonon dynamics. This involves

) 0 g R oon Jun o

the diagornalization of the dynamical matrix in eq. (5) for a finite number

of atomic Yayers. The corresponding density of states constructed from

eq. {10) by projecting the eigenmodes on the dipole active displacement
field will then consist of a discrete set of peaks located at the

eigenfrequencies. The limited energy resolution in measured 10ss spectra
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is described by replacing these peaks by a normalized Gaussian distribution

with a width given by the experimental resolution. For a typical energy

b R A T
P T .
. . i
PR
: Ly

resolution of 5 meV such a calculated spectra is found to be converged with

’ O an i N AR Ty T Ty Te

slabs having as little as 25 layers. Finer details in the phonon spectrum
may be resolved with thicker slabs, with 100 atomic layers easily
accomodated with present day computers. The size of the matrix to be
diagonalized, and hence the computation time, can be significantly reduced
by considering only those displacement fields which are symmetry allowed,
according to the dipole selection rule, and which may be decoupled in the

dynamical matrix.

F. 4. The Bare Surface

| @

2

- A necessary ingredient in the lattice dynamical calculations for the
r3‘ pare surface is a proper description of the interatomic forces. For Cu and

Ni substrates an accurate description is achieved by a nearest neighbor

central force constant model for the phonon dynamics.l°'27

In this model
there is only one parameter, the maximum bulk phonon frequency o, which
is adjusted to fit the measured bulk phonon spectra. For Cu and Ni, Qp

is equal to 29.7 and 36.7 meV respectively. !More sophisticated models of

the phonon dynamics for Cu and Ni exist which account for second neighbor

r

and angle bending interactions.”> Incorporation of these extra terms in

the phonon dynamics only affected the surface mode frequencies a few

percent. This results from the fact that the angle bending and second

) AP

neighbor force constants are < 10% of the nearest neighbor force constant.

thus the single parameter nearest neighbor central force constant model is

R

adopted in our calculations for its accuracy and simplicity.

.

L e g SR G S0 e 04
« T
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L. R

In modeling the surface force constants we use the truncated crystal
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approximation, where the loss of coordination of the surface atoms is the

.‘ii only effect considered in determining the surface force constants. Thus
: the surface force constants are determined uniquely by the bulk values.
o This approximation was shown to be adegquate in describing previous

16,17 pecent

lﬁi} experimental results on the clean Ni and Cu (110) surfaces.
- measurements of surface phonon dispersions on Ni(100), along with lattice

V dynamical calculations, have concluded a 20% 1ncreqse in the surface
interlayer force constant with a 1.7-3.3% contraction of the top layer.?
Qur previous results indicate that such a large change in the surface force
constants is not present on the Ni or Cu (110) surfaces and that the
surface force constants can be modeled after the bulk values within an
accuracy of =*15%.

Using the nearest neighbor central force constant model, the

evaluation of the dynamical matrix in eq. (5) for the fcc(110) surface is

straightforward. The force constant matrix is given by

- - -~

s (0,0 = <s"agn (0,000 (0,00 + 5
13 X 3 -[EI

where in a description based on pairwise central potentials $"(a,) is the

\

3"(ag)n <E,E“)n8(f,t") (11)

" a

[t 20

second derivative of the two body interaction between atoms L and O

>

evaluated at their equilibrium position a, and when C2(' are nearest

neighbors,

-

na(

0= TR - A1/ R - R (12)

el SRR SR sl PRl
e
-

and zero otherwise. With nearest neighbor central forces »"(a,) is related

to the maximum bSulk phonon frequency as »"(ag)/Mg = 5%/8, where Mg is
the mass of a substrate atom.

Aith the force constant matrices defined above we consider a finite

P P Y

o4

. . . . B 2
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slab with atomic planes parallel to the (110) surface. Then the only

non-zero matrices 533(6";L2’Lé) defined in eq. (5) are those with

o
<

L=l * 1, £ 2. With d,; = 0.3/%s Ay = Q a0/m, and qy=0yagv’2/w we have

for the bulk matrices,

2-cos Mg 0 0
X
e 1
d(Q,:L ,L ) = - 0 2 0f (14a)
'z 4
0 0 2
TYq TTq TTq TTQ Tq q
X Yy / X Yy X v
co—— CO3—— ¥ 2sinm——- sin—= {sln—— sin——
2 2 2 2 2 2
I . 1 TTq YTq Tl'q TTq Tq Tq
- _ J/ X y X Y ¥ M .
o d(Q ;L ,L +1)= « —{-¥2sin—— sin— 2 cO— cog—— -{r2 cos—= sin—= | 4(14b)
. "z o2 ] 2 2 2 2 2 2
}
-
i‘- Ta_ 79 Tq. A o Ta
3 {sin— cos— -1¥2c05— sin— COS—— COS——
- 2 2 2 2 2 2
" — .|
L -
-
o ES -+
dig, L L -1)=d*(Q, ;L ,L +1), (14c)
r 2 2’2
0 0 0
+ . 1
datd ;L ,L =2)= - — 0 0 0 * (1ud)
"oz oz ]
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We obtain the surface matrices in a similar way using a truncated
crystal, where the loss in coordination of the surface atoms is the on
effect considered. These matrices are given by
- —

3 - cosmq Q 0
2 X

,\
Yot
-
—
-
—
—

1)
N

d(d.;1,2)

1‘ ." |'. ,“',"‘.—.‘i‘r .‘_.vr'.r,“rw
I
o
o
—
|

d(Gu;LZ,LZ+l),

b .
2.
e
¢ i d(d.;1,3) = d(é..;LZ,LZ+2),
-
W — —
2 - cosnq 0 0
. X
-
-
»
[ a(§ 12,2) = % 0 2 0
o 4
L
o
0 0 3
2

the eigenvalues and eigenvectors.

In considering the effects of the substrate vibrations on the

. T - T -
L R T U UL VTS P, .

ly

(15a)

(15b)

(15¢)

(15d)

The surface eigenmodes and eigenvectors for the finite-slab with r
atomic layers is then obtained by constructing the 3r x 3r dynramical matrix
in eq. (5) from the 3 x 3 submatrices given in egs. (14) and (15). Once

the dynamical matrix is formed, standard algorithms are used to solve for

vibrational modes of adsorbate covered surfaces, one is interested in the

density of states projected on the surface layer for the totally symmetric
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displacement fields at those high symmetry points in the substrate SBZ
which are equivalent to T point in the SBZ. For the (2x1) superstructures
on the fcc(l10) surface, it is the T and X points of the substrate S8Z
which are equivalent to the T point of the overlayer SBZ, as shown in Fig.
1(b). Thus depending on the adsorption site symmetry, various surface
vibrations at the T and X points may become dipole active by coupling to
the motion of the adsorbate overlayer. The vibrational density of states
projected on the motion of the outer surface layer is then obtained using
the eigenmodes and eigenvectors obtained from diagonalizing the dynamical
matrix for a finite slab at a particular value of Gu as described above.
The density of states projected on the perpendicular motion of the Ni
surface layer for the displacement field at the T point is shown in Fig.
2. The spectral intensity shows a resonance with a maximum at 23 meV for
the perpendicular motion of the outer surface layer. This particular
resonance at the T point is dipole active in the absence of an absorbate
overlayer and has been observed in our previous measurements on the clean
surface.-  Previous surface lattice dynamical calculations show that the
resonance results from a split off state in a pseudo band gap resulting
frcm the nonmonotonic longitudinal bulk phonon dispersion along the [110]
direction. The results obtained from the finite slab calculation, shown in
Fig. 2, are in agreement with results obtained from more elaborate Greens
function calculations.'®

The projectad density of states at the X point in the substrate S8Z

are snown in Fig. 3 for the different displacement fields which are

displayed. Along the T-X direction the modes split into two classes

resulting from the mirror plane symmetry. The odd modes are polarized in

the y direction and are decoupled in the dynamical matrix as seen in eqs.
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(14) and (15). Similarly the modes with x-z polarization are decoupled and
can be considered separately in the lattice dynamical calculations. The
sharp peaks observed at 15.5, 18.4, and 29.8 meV correspond to the S,(X),
$,{X), and S,(X) surface phonons observed in earlier surface lattice

29 Also shown in the spectral densities for the

dynamical calculations.
surface layer are the contributions from the bulk subbands. The S,(X)
surface phonon is the low lying Rayleigh phonon, split off from the lower
transverse bulk subband, and is polarized in the z-direction. S,(X) is
split off from the upper transverse bulk subband and is polarized in the y
direction. Similarly S,(X) is split off from the longitudinal bulk subband
and is polarized in the x direction. The general behavior for surface
modes to be split off from bulk subbands results from the lower restoring

forces for the surface atoms due to the loss in coordination.

5. Adsorbate Qverlayers With (2x1) Superstructures

The degree of influence of the adsorbate on the spectral densities for
the surface vibrations depends both on the adsorption site and the
perturbation in the elements of the dynamical matrix describing the

substrate. In analyzing the various (2x1) superstructures the displacement

fields at the T and X points, shown in Figs. 2 and 3, are analyzed
according to the adsorption site symmetry. The effect of this symmetry on
the vibrational density of states is illustrated in particular for the
(2x1)N, overlayer on Ni(110). In the case of oxygen adsorption on these
surfaces, the density of states is calculated for two different models of
the surface reconstruction.

(a) (2<1) H=-Ni(110)

The interaction of hydrogen with Ni(110) has been a subject of many

N - - - N ) . . ‘. AR . ~--n
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recent investigations due to the variety of ordered structures which form,

depending on the H coverage and sample temperature. At low temperatures
below - 180 K, LEED3? and He diffraction®! measurements have shown that
for coverages below one monolayer (ML) a sequence of H lattice gas

structures exist. In particular, a (2x1) ordered hydrogen phase occurs at

- AR N LA B A 4 MR R R
L f “Av-.'.'._.'.'.’,

3 = | ML. Results from He diffraction measurements, which are consistent

with LEED observations suggest that the hydrogen atoms are located in a

TSN Y

buckled bridge geometry with the H atoms shifted off the short bridge site
toward the (111) microfacets as shown in Fig. 4(a). The unit cell for this

structure contains two H atoms and possesses glide lines parallel to the

T ol
,

(110] direction. The glide line symmetry results in the absence of

—r—r
I )

(n/2,0), with n odd, diffraction spots in th LEED pattern observed at
normal incidence.

Figure 4(b) shows the vibrational spectrum of the (2x1)H surface. Two

losses are observed above the maximum bulk phonon frequency at 79 and 130

2

] meV which are in agreement with previous EELS measurements.’? Based on

33

iL. recent calculations these vibrational modes may be ascribed to the

@ . . . _

. symmetric in-plane bending and stretching modes respectively of the H atoms
q in the pseudo short bridge sites as shown in Fig. 4(a).’* The third loss

2ature at 24 nev lies below the maximum bulk phonon frequency which

sugjests that it is related to a surface mode at either the [ or X points

in the substrate 587.
A comparison with the spectral densities in Figs. 2 and 3 for the T

and « soints, supports the interpretation of the observed loss feature at

24 mev 1n terms of the excitation of the surface resonance mode at the T

point in the substrate SBZ. The neasured loss intensity of this surface
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resonance mode agrees well with the observed loss intensity of this mode
for the bare surface. In this situation the dipole activity of this mode
is not introduced by the presence of the adsorbed H overlayer.

A consideration of the symmetry properties of the surface phonons at
the X point indicates that all three modes, S,;(X), S,(X), and S;(X) are
symmetry forbidden for the adsorption site configuration in Fig. 4(a).
$,(X) and S7(X), for example, are odd under the glide symmetry operation
along the [110] direction, whereas S,(X) is odd under reflection symmetry
through a plane parallel the (1I0) plane. Only the symmetric vibration at
the T point shown in Fig. 2 is symmetry allowed to be dipole active. Thus
the observation of only one surface mode in the vibrational spectrum is
consistent with the adsorption site configuration in Fig. 4(a) as deduced
from He diffraction and LEED measurements.

(D) (2<1)N>-Ni(110)

The absorption of N, on Ni(110) represents an interesting
chemisorption system where both commensurate and incommensurate overlayer
structures are formed. > Unlike CO adsorption on this surface, however, N,
on Ni(110) displays only a single N-N stretching vibration as a function of
coverage.36 CO on Ni(1l0), for example, displays three different C-0
vibrational frequencies corresponding to different adsorption sites.’” The
fact that only a single N-N vibrational frequency is observed for the
incommensurate phase for 8 » 0.6 ML*® , where multiple sites are expected

to be occupied, raises the question as to whether the N-N stretching
vibration can be used to discriminate between different adsorption sites.3®
The vibrational spectra for the (2x1)N, surface, corresponding to an

N, coverage of 0.5 ML, is shown in fig. 5(c). The N-N stretching vibration
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is observed at 272 meV while the N-Ni vibration is observed at 43 meV.
These values are in agreement with previous EELS 3°.33 and IR??
measurements. Based on a comparison of the N-N stretching vibration with
infrared spectra of inorganic complexes a linearly bonded N, configuration
was concluded.®® The improved resolution in the spectra shwon in Fig. 5(c)
allows a comparison with tattice dynamical calculations for various
adsorption sites to be made in the spectral range‘below the maximum bulk
phonon frequency. Based on these calculations, an on-top adsorption site
configuration is confirmed for the (2x1)N, structure.

In analyzing the (2x1)N, structure, the density of states is
calculated for both the on top and short bridge configuration for the
adsorption site. A hard sphere model is used to obtain the bond angles,
taking the covalent radii of the nitrogen and nickel atoms as 0.75 and 1.25
4 respectively. The nitrogen-nickel force constant, ¢;, is then adjusted
to give agreement with the measured N-Ni vibrational frequency at 43 mev.

For the short bridge site configuration the substrate modes which are
synmetry allowed to be dipole active are the displacement fields which
correspond to the S,(X) surface phonon and the surface resonance mode at
7. The density of states is obtained as described previously by
constructing the dynamical matrix for a finite siab. The unit cell now

contains 2 atoms per cell for the substrate due to the larger unit cell

defined by the nitrogen overlayer. The submatrices in eq. (14) are then

6 x 6 instead of 3 x 3. Due to the point group symmetry of the short
bridge site, the displacement fields with y polarization are decoupled in
the dynamical matrix. This reduces the size of the submatrices which need
to be considered to 4 x 4. The resulting matrices for the surface layer at

J. =0 are,




LA SR A iagtan caume. SR SEE SR SEL AND 4
A n S
B :

~—p—y
e
r e 4

LA e
* ]

. e
. \v 0] x: 1] R - . .
N . N El Al N
®. el
L .
DT :

d(0,0)

d(0,1) =

2
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0 0 0
0 0 sin%e
0 0 0
“cos?s -cos?s
0 0
-singcose sinbcosh
0 0
cos?s 0
0 cos~d
singcosd 0
0 -singcoss

-singcose

. D
-s1n“9

0

sindcos9

. D
sin©3

JRS—

sinecoss

. 2
-s51n“o

0

-sinscosd

. o
s1n-3

where d(0,0) represents the adsorbate layer and Mg and Mp are the

substrate and adsorbate masses respectively.

{16a)

(16b)

(16¢)

,

9 is the bond angle between

the line joining the two bonding substrate atoms the line joining the

substrate and absorbate atoms.

ad is the perturbation of the dynamical

matrix, ad = d-d,, where d; is the unperturbed dynamical matrix of the

substrate.
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A detailed comparison of the relative intensities in the density of
states with the measured EELS spectra is dependent on the projection for
the dipole active field. Previous analysis of EELS data for some adsorbate
structures suggest that the dipole activity is mainly due to bond stretch
displacements between the adsorbate and the‘substrate atoms.%® For the

short bridge site the normalized effective charge field can be expressed in

terms of the angle § as

£
2cosd EX,Z(O’” cosd ’)\.1(1’1) cosd E)\,z“’Z) sind E)‘,x“’”

- >
LS L k) eve(L k) = ( -
Lk Az 2’ My /© R Mg/ Mg/
(17)
2%
sind &, (1,2) beos™ S 2
. A x p . __P/z
MST/Z M Mg

where 5 is the angle between the dipole active displacement of the
substrate atom and the surface normal.

The vibrational density of states is shown in Fig. 5(a) for the two
36.9° (—). & = 0° corresponds to

extreme cases; 3 = 0° (---) and & =

displacements normal to the surface whereas & = 36.9° corresponds to bond

26 the normal

streten displacements. As observed in previous calculations
displacements tend to assign too large an intensity in the bulk phonon
band, and a value of & closer to bond stretch displacements is more
likely. The lower intensity of modes within the energy range of the bulk
phonon band, when the dipole active displtacements corresponds to bond
stretch displacements rather than for surface normal displacements, can be
understood from the following argument. For the modes in the energy range

of the bulk phonon band the motion of the high energy adsorbate mode

follows almost instantaneously the motion of the substrate atoms in such a
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way that the bond distance is almost fixed. This results from the fact
that the mass weighted displacement field corresponding to bond stretch
displacements have almost the dominating dynamical matrix element. Thus a
relative projection along the bond stretch displacements gives a smaller
contribution from the surface vibrations.‘ This effect is increasingly more
pronounced for modes with lower energy.

As predicted by the symmetry selection rules, S,(X) is observed to be
dipole active with an appreciable intensity for the short bridge site
configuration. 1It's frequency is slightly shifted from 29.8 mev for the
bare surface to 27.8 meV for the nitrogen covered surface. The T resonance
is not resolved from the S;(X) surface phonon due to the finite broadening
used in the calculation. A comparison of the experimental loss spectrum
with the calculated density of states can then be used to rule out the
short bridge configuration for the adsorption site since there is no
features observed at <o meV in the measured loss spectrum where S,(X) is
expected.

For the on-top site configuration, the symmetry selection rules
indicate that the displacements fields corresponding to the S,(X) surface
phonon and the surface resonance mode at [ should be dipole active. Based
on a symmetry analysis alone, an incorrect conclusion could be deduced by
analyzing the measured spectra where no sharp features are observed below
the maximum bulk phonon frequency. A lattice dynamical caliculation is then
necessary to obtain both the observed frequencies and intensities of the
surface modes which should show dipole activity.

For the on-top configuration only z displacements need to be
considered in the dynamical matrix since both x and y displacements are

decoupled. The surface matrices for the on-top site are then given by,
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The density of states for the on-top configuration is projected on the

relative normal displacements of the nitrogen and bonding substrate atom as

(0,1 =z, (1,1)
_ Az ]/L—l N _l}l/z’ (1)
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and is shown in Fig. 5(b). From the calculated density of states it is
observed that both the S;(X) and the T surface resonance are not observed

with any appreciable intensity even though they are symmetry all:wed to he

dipole active. A small contribution from bulx states is oabserv-?! ar~ynt 33

———

v

meV. The small contribution from the 5.(1) surfice phonon 3ng tre

surface resonance results from the fact that the Aipole nrace t0crn 4 snpn

k dituiball

terminally bonded N> is 1long the Hund stretch displayocment,  Tro vy oy
lower intensity for the surface vibrations for the reasons 1150, 561
previously for the short bridge adsurption site. The lack of any sriarp

features within the bulk phonon 20ond 11 the measured vibrational spe tr,m
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for the (2x1)N, overlayer is thus consistent with an on-top configuration
as seen in the calculated density of states. This conclusion is in
agreement with the configuration as deduced erpirically from the value of

the N-N stretching vibration.

(c) (2x1)C0-Cu(110)

The adsorption of CO on Cu(110) possesses many similarities with the
adsorption of N, on the Ni(110) surface. These similarities have been

35 36
»

noticed in previous studies where CO also forms a (2x1) ordered

phase at 3 = 0.5 ML and a compressed i1ncommensurate phase at higher

]

coverages.’ Similarly, there is only one main CC vibrational band at 2088

cm* which snifts = 6 cm=° w~ith increased coverage as observed by IR

)
I

spectroscopy.”* A second weaker CQ vibrational mode was observed at 2104

cmt at low coverages and has been attributed to CO adsorbed in defect
sites.”?

The similarities between the N,,/Ni(110) and C0/Cu(110) systems allow
the previous results for the (2x1)N, system to be applied to the
(2x1)C0/Cu(110) by scaling the phonon frequencies occurring within the bulk
phonon bands by 0.8, which is simply the ratio of the maximum bulk phonon
frequencies for Cu and Ni. The measured vibrational spectrum for the
(2<1)CO overlayer is shown in Fig. 6. The C-0 stretching vibration is
observed at 259 meV (2089 cm-') in agreement with previous IR*%.*! and
£ELSY3 measurements. Also cbserved is the C-Cu stretching vibration at 43
meYy. ‘ae d4id not observe a band at 85 meV which was reported in the

previous LELG study“3 and is most likely due to some impurities since it

#as only observed at low exposures. As seen in Fig. 6 no spectral features

are observed «ithin the bulk phunon bands, similar to the (2X1)N2 case.

.
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Ry scaling the Ni results, the S:(%) surface phonon should be observed at
- 22 meV for CO occupying a short bridge site configuration on Cu. Oue
ty the null result and the value of the C-0 stretching vibration, an on-top

adsorption site can be concluded for the (2x1) overlayer structure.

t1) 12<1)C0-Ni(110)

The interaction of CO with Ni(110) has been a subject of recent
interest due to the different structural configu:ations which form on this
s.rfice depending on the CO coverage.37 Previous EELS measurements have
vientrfied three (-0 stretching vibrations corresponding to different
yi5.rotion sites. "' Relow saturation coverage the two C-0 modes,
wh1In CICur 2t 242 ana 256 mey, have Dbeen assigned to short bridge and
3n-%20 adsorotion site configurations respectively. At saturation coverage
zarresponding %0 ¢ o= 1ML, 0 forms an ordered (2x1) overlayer structure.
“he LrIJ pattern contains missing (n.2,0), with n odd, diffraction beams,
wnich indicates a jlicde line symmetry along the [110] direction similar to
the oreviously described hydrogen structure.”?

The vibrational spectrum for the {2x1)C0 overlayer is shown in Fig.

/

'n). The -0 and C-Ni stretching vibrations are observed at 245 and 52

-

mey respectively, in agreement with previous EELS results.” AMso observed
in Fig., 7(b) is a loss feature within the bulk phonon bands at 30 meV.
Zased on LEED and EELS measurements an adsorption site configuration
consisting of alternatively tilted C0 molecules in a short bridge site has
been oroposed”  as shown in Fig. 7(a). Recent electron stimulated

(=

desyrption fon angular distribution (2SDIAD) measurements have confirmed

the tilting of the £Q molecule in the (2x1) structure with a tilt angle of

. PP PR - .
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17 - 20°.“6 A similar tilted geometry has been determined for the
{2x1)CO/Pt({110) structure, although with an on-top adsorption site
consistent with the higher CO stretching frequency on that surface.”’

The symmetry analysis pressented for the (2x1)H system can be applied
to the adsorption site configuration in Fig. 7(a) due to the similar point
group symmetry. As was found for the hydrogen case, displacement fields
corresponding to the surface modes at the X point shown in Fig. 3 are
symmetry forbidden to be dipole active, whereas the resonance mode at the ©
noint is symmetry allowed. Furthermore, two vibrational modes
corresponding to the frustrated rotaticnal and translational modes of the
molecule will be dipole active due to the lower symmetry of the tilted

molecule. 3ased on cluster calculations,™®

the frequency of the frustrated
translation is expected to be very low, < 10 meV, since to first order this
node does not involve any straining of the nearest neighbor bonds. The
frustrated rotation should be in the frequency range of the metal-carbon
vibration.

Lattice dynamical calculations for 1 ML of untilted CO molecules on
the Ni(110) surface show a negligible intensity of the T resonance, similar
to the effect observed for the terminally bonded (2x<1)N, in Fig. 5(b).
“urther the inherent dipole activity of this surface resonance is much
~eaker than the dipole activity of the frustrated translation of N, against
the surface as evidenced by Fiqs. 4(b) and 5(c). This leaves the
as3ijoment of the 30 mev loss feature in Fig. 7(b) to be due to the
frustrated rotational mode of the tilted €O molecule. Similar dipole
active lasses have been observed and assigned to frustrated rotations for

3

tilte 7 molecules on other transition metal surfaces.” The proposed

short bridge site geometry in Fig. 7(a) is 1lso consistent with the value
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of the C-0 stretching vibration observed at 245 mev. For a tilted on-top
adsorption site configuration, an additional mode corresponding to the
S,(X) surface phonon is symmetry allowed to be dipole active. The lack of
any additional features at - 18 meV expected for the S,(X) surface phonon
thus lends additional support for the short bridge site configuration shown

in Fig. 7(a).

(e) (2x1)0-Ni(110), Cu(110)

The interaction of oxygen with the nickel and copper (110) surfaces
has been the subject of many recent structural investigations.
Considerable interest has been attached to the (2x1) structure which forms
on both these surfaces and shows an oxygen inauced reconstructicn of the
surface layer. For the Cu surface, low energy ion scatteringSO and He
diffraction®' have concluded a missing row model for the surface
reconstruction where every [001] row is absent. The Ni(110) surface has
received considerably more attention with conflicting views on the
particular model for the surface reconstruction. Two of the most favored
models for the Ni reconstruction are the missing row (MR) mode1%2-°> and
the sawtooth (SW) model®”,%® which are shown in Fig. 8. The two models
differ by an additional missing row in the second layer for the SW model.
It would be expected that the surface vibrational modes would be very
sensitive to such a loss of coordination of the surface atoms and can
therefore serve as a means of distinguishing between different models of
the surface reconstruction.

In the present paper we present results from EELS for the (2x1)

reconstruction on both the Cu and Yi (110) surfaces. The surface modes
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appearing within the bulk phonon bands are expected to be sensitive to the
particular reconstruction reflecting the additional loss of coordination of
the surface atoms in the reconstructed geometry. Lattice dynamical
calculations are shown for the two different models of the reconstruction
for Ni(110)}. The results for Cu can be obtained by simply scaling the
results by the ratio of the maximum bulk phonon frequencies.

The energy loss spectrum for the (2x1)0 surfaces are shown in Fig. 9.
Nearly identical oxygen-metal stretching vibrations are observed at 48 and
49 meV on the Cu and Ni surfaces respectively. These values are in
agreement with previous EELS measurements on these surfaces.>>»>®
Additional sharp losses are observed below the maximum bulk phonon
frequency at 15 and 30 meV for Ni and 24.5 meY for Cu. Both energy loss
and gain peaks are observed with an intensity ratio which is determined by
the Bose-Einstein distribution factor and the crystal temperature. In
comparing the EELS spectra on the two surfaces, it is observed that the
ratio of the 30 to 24.5 meY loss scales as the ratio of the maximum bulk
phonon frequencies. This suggests the possibility that these vibrations
are related to the motion of the metal substrate atoms and that the
reconstruction is similar on both surfaces. The 15 meV 1oss observed on
the Ni surface would then be shifted down to - 12 meV on the Cu surface
where it would not be resolvable from the elastic beam.

In calculating the density of states for the dipole active losses, we
use the structural models shown in Fig. 8. The position of the oxygen atom
has been determined for the Ni(110) surface by ion scattering®*s>° and

> measurements to be in the long bridge site 0.25 1

helium diffraction®
above the center of the top most nickel rows. With this geometry the 0-Ni

bond distances are 1.77 and 1.95 % for the first and second layer Ni atoms
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respectively. The 0-Ni force constant with the second layer Ni atoms would
be expected to be comparable to that for the first layer Ni atoms due to
the similar bond distances. To minimize the number of parameters in the
calculation the 0-Ni force constants are taken to be the same for the first
and second layer Ni atoms; it's value is then uniquely determined by
fitting to the measured 0-Ni vibrational frequency at 49 me¥. Similar to
the previous calculations, the Ni-Ni force constants in the surface region
are taken to be equal to their bulk value.

The calculated density of states are shown in Fig. 10(a) for the MR
model of the bare Ni surface. Included in the results for the bare surface
is the sum of the density of states for the totally symmetric displacements
with respect to the long bridge site for the first and second Ni layers.
The two higher energy peaks at 21.3 and 31.7 meV result from a breathing
motion in the second layer w#ith a polarization in the x direction. The
lower energy peak at 16.9 meV results from the perpendicular motion of the
top layer Ni atoms.

Shown in Fig. 10(b) is the density of states for the oxygen covered
surface. The projection is taken on the perpendicular motion of the oxygen
atom to avoid the complexity in modeling the effective charge field for
bonding to both the first and second layer Ni atoms. As seen in Fig.
10(b), a sharp feature is observed at 30 meV which is shifted down slightly
from 31.7 meV on the bare surface. The remaining sharp structure in the
density of states of the bare surface is not seen to be reproduced on the
axyqgen covered surface except for a broad feature at 24 meV. [n comparing
to the measured loss spectrum, the 30 meV loss feature is accounted for in
the calculation for the MR “Yodel, however no structure is observed at 15

meV in the calculated density of states to correspond to the observed

feature in the measured 10ssS Spectrum.
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The calculated density of states for the SW model is shown in Fig.
11(a) for the bare surface. The lower symmetry in the SW model increases
the number of symmetry allowed diplacement fields. In comparison to the MR
model a substantial amount of intensity is distributed to lower energies.
This results simply from the fact that the.restoring forces for the surface

atoms are smaller in this model than for the MR model resulting from the

Fade i

1

M I e g 1 e et
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Tower coordination of the surface atoms in the SW model in comparison to
the MR model. The results for the oxygen covered surface is shown in Fig.
11(b) for a projection on the perpendicular motion. Sharp spectral
features are observed at 15.4, 25.3, and 27.8 meV. The features at 25.3

and 27.8 meV would not be resolved with the 5 meV experimental resolution

and would thus appear as one loss peak at - 27 meV. Also shown in Fig.

11(b) is the projection on the parallel motion of the oxygen atom in the x

L M A N Al g

direction. Due to the loss of the additional second layer Ni atom, the

‘

ey

4E~ "

perpendicular and parallel motions are now coupled as seen in Fig. 11(b).

. g

In comparing to the measured loss spectra, the S4 model gives two

v

losses at approximately the correct frequencies, which is in better

agreement than the MR model. A decisive distinction, however, cannot be

e

made since the agreement with the two models could be made to change by
Py varying the parameters in the calculation. The results do show that the
surface modes are extremely sensitive to the coordination of the atoms in

the models for the reconstruction and that a larger data base obtainable by

angular distribution measurements throughout the S8Z, coupled with lattice
dynamical calculations, could contribute to the determination of the

structure for the reconstructed surfaces.

6. Conclusion

A variety of adsorbates are observed to form (2x1)} superstructures on
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the fcc(110) surfaces of Ni and Cu. A tattice dynamical analysis of the
energy loss spectra of these adsorbate structures was achieved using a
simple finite slab method, together with the symmetry selection rules which
are operative in dipole scattering. For the (2x1)H structure on Ni(110)
the observation of a single resonance mode at 24 meV was found to be in
agreement with the buckled bridge geometry as deduced from He diffraction
and LEED measurements. Based on a comparison of the loss spectra with
spectral density calculations, a terminally bonded configuration was
deduced for the (2x1)N, and CO structures on the Ni and Cu surfaces
respectively. For the (2x1)CO structure on Ni(110), a loss feature was
observed at 30 meV which is assigned to the CO frustrated rotational mode
for the proposed structure consisting of alternating tilted CO molecules in
the short bridge site. In the case of oxygen adsorption on these surfaces
a reconstruction of the surfaces takes place. The vibrational density of
states of the reconstructed surface was calculated for the missing row and
sastooth models. For the sawtooth model a significant amount of intensity
is redistributed to low energies due to the lower coordination of the
surface atoms. A comparison of the measured 10ss spectra with the density
of states for the oxygen covered surfaces favors the sawtooth model for the

surface reconstruction. However, a firm distinction between the two models

requires a larger data base from measurements throughout the surface

B8rillouin zone.
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Fig. 1  Atomic arrangement of the fcc(110) surface and the corresponding
surface Brillouin zone (SBZ). The dashed line shows the reduced
SBZ for an adsorbate overlayer in a (2xl) configuration.

Fig. 2 Calculated vibrational density of states for the perpendicular
motion of the outermost surface layer at the T point for the clean
Ni surface. The peak at 23 meV corresponds to a vibrational

16,17 The calculation

resonance of the outermost surface layers.
used a 130 layer slab with 1 meV Gaussian broadening.
Fig. 3 Calculated vibrational density of states for the clean Ni surface

at the X point in the substrate SBZ. (a)-{c) Projections on the

motion of the outermost layer corresponding to the depicted dis-

placement fields at X. The sharp peaks correspond to the surface

S
E phonons S;(X), S,(X), and S;(X), according to the notation in

5!. Ref. 29. The calculations were performed on a 40 layer slab with
E 2 meV Gaussian broadening.

F;‘ Fig. 3 (a) Hodel for the (2x1)H structure on Ni(110). The smaller filled
thl circles represent hydrogen atoms. (b) Electron energy loss

E spectrum for the {(2xl)H overlayer on Ni(l10) at 80 XK.

i . F13. 3 A comparison between results from lattice dynamical calculations

. and the experimental loss spectrum for the (2x1) ordered overlayer

on Ni{1l10). (a) Spectral density for the short bridge adsorption

site configuration for two different dipole projections; (———)
orojection on the bond stretch displacements, and (---) projection
on the surface normal displacements. (b) Spectral density for the

on top adsorption site confiquraticn. (c) The experimental loss

spectrum for the Ni(l110)-(2x1)N, overlayer at 80 K. Note the

[ ]
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break in the energy scale to display the N-N stretcning vidration

E N at 272 mev.

,"- Fig. 6 Electron energy loss spectra of Cu(ll0) with a (2x1)CO overlayer

. at 80 K.

.- -

Fig. 7 (a) A schematic model for the Ni{110)-(2x1)CO structure. The
smaller filled carbon and open circles (oxygen), represent the
tilted CO molecule. (b) Electron energy loss spectra of Ni(110)
with a (2x1)C0O overlayer at 80 K.

Fig. 8 Models of the (2x1) reconstructed (110) surfaces formed by oxygen
adsorption. (a) Missing row model (b) Saw tooth model. The small

filled circles represent oxygen atoms. The numbers denote

{ sequential layers of the substrate with number one correspona:

3
V9]

to the surface layer. For each moael 2oth the top and si1de v'ows
are shown.

t Fig. 93 Slectron energy l1o0ss spectra of (2xl) oxygen overlz ers .» ., @77

Ni(110) at 300 K.

10 Results from lattice dynamical calculations for tre mMia. "3 © =

T
—
u2
.

model of the surface reconstruction shown in Fig. - 5. 3

Is

summation of the vibrational density of stites ‘or croto-tions o n
the totally symmetric displacements w~ith respect %2 the " :n3
bridge site, for the first and second liyers of tre hare i
surface. (b) Vibrational density of states prolected on the
perpendicular motion of the oxygen atom 1n the long briage site

for the missing row model. The caiculations used 1 33 layer slab

with a 1.5 meV Gaussian broadening.
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Fig3. 11 Results from lattice dynamical calculations for the sawtooth model
of the surface reconstruction shown in Fig. 3(b). (a) A summaticn
of the vibrational density of states for projecticons on the t3t3l-
1y symmetric displicements with respect to the long bridge site,

£or the first and second layers of the bare Ni surface. (b)

, viorational density of states projected on the perpendicular ()
: ina parallel (- - -) motion of the oxygen atom in the long bridge
3

£ site of the sawtooth model. The calculations used a 99 layer slab
¥

~i%n 31 1.5 meV¥ Gaussian.
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